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High data-rate wireless communication for in-body human implants is mainly performed in the 402–405MHz Medical Implant
Communication System band and the 2.45GHz Industrial, Scientific and Medical band. The latter band offers larger bandwidth,
enabling high-resolution live video transmission. Although in-body signal attenuation is larger, at least 29dB more power may be
transmitted in this band and the antenna efficiency for compact antennas at 2.45GHz is also up to 10 times higher. Moreover, at
the receive side, one can exploit the large surface provided by a garment by deploying multiple compact highly efficient wearable
antennas, capturing the signals transmitted by the implant directly at the body surface, yielding stronger signals and reducing
interference. In this paper, we implement a reliable 3.5Mbps wearable textile multi-antenna system suitable for integration into a
jacketwornbyapatient,andevaluateitspotentialtoimprovetheIn-to-OutBodywirelesslinkreliabilitybymeansofspatialreceive
diversityinastandardizedmeasurementsetup.Wederivetheoptimaldistributionandtheminimumnumberofon-bodyantennas
required to ensure signal levels that are large enough for real-time wireless endoscopy-capsule applications, at varying positions
and orientations of the implant in the human body.
1. Introduction
Many studies about global aging show an increasing life
expectancy in about every continent [1, 2]. This trend is
expected to continue in the near future, necessitating a
renewed vision on medical healthcare. By enabling wireless
communication from inside the body towards the outside
world(in-to-outbodycommunication),awholerangeofnew
possibilities arise. In particular, wireless capsule endoscopy
(WCE) [3] is an important but technically demanding appli-
cation. Current commercial WCE systems (Given Imaging,
Olympus EndoCapsule) propagate passively through the
intestine and operate at low frame rate [4, 5]. Uncontrolled
orientation and movement as well as low resolution are
considered a major drawback of passive systems [6–8]. This
resulted in research towards actively controlled capsules,
requiring higher frame rates and resolution to provide real-
time video feedback to the physician steering the capsule
movement to interactively focus on diagnostically important
features [9, 10].
Frequency bands commonly used for wireless implant
links are the 402–405 medical implant communication sys-
t e m( M I C S )b a n d( o rt h e4 0 1 – 4 0 6M e d R a d i ob a n d[ 11]) as
well as the 2.45GHz industrial, scientific, and medical (ISM)
band. The maximum available bandwidth per channel in
t h eM I C Sb a n di s3 0 0 k H z[ 12], in contrast to the much
larger channel bandwidth of 20MHz in the ISM band [13].
Therefore, the 2.45GHz band is more suitable for WCE
with high-resolution live video transmission [14, 15]. The
use of ultrawide band (UWB) technology is proposed for an
in-to-out body link suggesting high data rates, low power
consumption, and simple electronics [16–20]. However, only
channel modeling and characterization are described. To our
knowledge, no measurements were performed. UWB with
diversity is proposed in [21, 22] documenting a theoretical2 International Journal of Antennas and Propagation
approach based on simulations. Practically, UWB applica-
tions are mostly limited to implants requiring low signal
penetration depth, such as cortical implants [23]d u et o
the very high signal attenuation and the limited available
transmit power [24]. As the in-body attenuation at 2.45GHz
is smaller than in the 3.4–4.8GHz low-UWB band [25], the
ISM band combines sufficient bandwidth with acceptable
attenuation.
We propose a novel reliable high date-rate wearable
higher-orderdiversityin-to-outbodycommunicationsystem
to fully compensate for the higher in-body attenuation at
2.45GHz by mitigating this attenuation using multiple wear-
ableantennasaroundthebody. Diversitysystems arerealistic
in the ISM band, thanks to the much shorter wavelength
and smaller dimensions of electrically full-size antennas,
compared to the MICS band. Hence, there is enough space
for a wearable multiantenna system on the human body or
in a garment. The proposed diversity system enables the use
of reliable wide-bandwidth/high-data rate wireless implant
links in the 2.45 GHz ISM band. The effect of 4th, 6th, and
8th order spatial diversity is examined for an 𝑥-, 𝑦-a n d𝑧-
oriented dipole and for different positions of the wearable
antennas capturing the signals transmitted by the implant at
the surface of a human body phantom.
Inadditiontoapplyingdiversity,thelargerin-bodyatten-
uation present at 2.45GHz is partially compensated for by a
three orders of magnitude higher permitted transmit power
in the ISM band. Regulatory standards limit the (in-body)
radiationto25𝜇W(−16dBmEIRP)intheMICSband[26].In
the 2.45GHz ISM band, the European Telecommunications
Standards Institute (ETSI) limits transmit power to 100mW
(20dBm EIRP). In addition, for the same ISM band an SAR
limit of 2W/kg averaged over 10g tissue is specified by IEC
62209 [27]. Even if all RF-energy would be absorbed by the
10g tissue directly surrounding the antenna, 20mW (13dBm
EIRP) is allowed, resulting in at least 29dB more available
transmit power in the 2.45GHz ISM band, compared to the
MICS band. Specifically for steerable endoscopy capsules,
the ISM band is a good candidate thanks to the larger
bandwidth for the high data rate video downlink, combined
with a possible MICS band uplink for controlling the capsule
without mutual interference.
Additionally, thanks to the shorter wavelength, compact
yet electrically full-size in-body antennas yield up to 10dB
additional antenna gain for the 2.45GHz ISM band [28, 29].
Multiple compact on-body antennas enable receive diversity.
Moreover, high-speed wireless communication standards are
commonly implemented in integrated circuits for this band,
resulting in readily available system components. These two
advantages leverage the design of compact low-power as well
as low-cost WCE devices.
In-to-out body communication is an active research
topic, and important previous work was performed by many
research groups. A detailed analysis of wave propagation
and radiation efficiency in different human tissues (such as
lungs, stomach, liver, heart, skin, and muscle), at different
frequencies (402 MHz, 868MHz, and 2.45GHz) is presented
in [30–33] .An u m b e ro fa d v a n t a g e so fu s i n gt h e2 . 4 5I S M
band instead of the 402–405 MICS band are described
in [31]. In [34], a comparison between the body worn
antenna efficiency and pattern fragmentation at 418MHz
and 916.5MHz is presented. Moreover, research on an in-to-
out body communication link through human muscle tissue
in the 2.45GHz ISM band is presented in [35, 36], where
p a t h - l o s sm o d e l sa r ed e r i v e d ,w i t ha n dw i t h o u ti n c l u s i o no f
the antenna gain, respectively. Transceiver development for
medical endoscopy applications (ISM band) and implantable
devices (MICS-band) is presented in [15, 37], respectively,
focusing on low power and high-data rates.
To evaluate the performance of our system, we rely on
a standardized phantom, compatible with the IEC 62209
standard within the frequency range 30MHz–6GHz, as a
means to assess system performance for a person of average
size and weight. It is well known that different types of
body tissue have varying conductance and permittivity. Yet,
muscle tissue (𝜎𝑚 = 1.7388S/m [38]) causes the largest
signal attenuation at 2.45GHz. Therefore, the phantom was
filled with muscle-simulating liquid to validate the channel
in worst-case propagation conditions in an average body
size. Recommendations of [29] were followed for human
body modeling by using muscle-like dielectric properties,
providing standard and easy to reproduce measurements
conditions.
Th ep a p e ri sf u r t h e ro r g a n i z e da sf o l l o w s .Section 2
describes the wearable antenna system and the measurement
setup. Section 3 details the results of the different exper-
iments, examining the performance of different diversity
s c h e m e s .F i n a l l y ,t h ec o n c l u s i o n sa r ep r e s e n t e di nSection 4.
2. Materials and Methods
2.1. Construction of the Wearable Antenna System. Aw e a r -
able multiantenna system for integration into a jacket was
developed, as presented in Figure 1.I tc o n s i s t so fas e to f
wearable on-body textile patch antennas, distributed such
that they cover different areas of the body and oriented
towards the body to capture the signals transmitted by an in-
body implant.
The on-body receiving textile patch antennas are
designed to be matched to and radiate into the human body,
instead of radiating in free space away from the human
body [39]. These antennas exhibit a stable performance for
changing parameters such as different body morphologies,
movement of the patient, and varying electrical parameters
of different organs. The rectangular ring antenna topology
w i t hp r o b ef e e di ss h o w ni nFigure 2. Its dimensions are
described in the caption of this figure. The antenna substrate
consists of very flexible closed-cell expanded protective foam
(𝜀𝑟 = 1.485,t a n𝗿 = 0.0243), and the ground plane and the
patch are fabricated using the 80𝜇m-thick e-textile Flectron
(sheet resistivity 0.18Ω/sq at 2.45GHz). The foam spacer,
used to physically separate the body from the conductive
part of the antenna and ensuring 50Ω matching in all
conditions, is fabricated by means of a foam layer with
thickness ℎ2 = 7.92mm.
By integrating several such on-body receive antennas at
suitable locations into a jacket, we obtain a multiantennaInternational Journal of Antennas and Propagation 3
Table 1: Human body phantom dimensions (in cm).
Human body phantom dimensions (cm) Scan points (𝑥,𝑦)
𝑊 1 65 A 8.5 A
򸀠 31 P1 (0,0)
𝑊 2 59 B 5.2 B
򸀠 17.6 P2 (385,0)
𝐿1 41.5 C 5.1 C
򸀠 14.9 P3 (0,215)
𝐿2 39 D 6.5 D
򸀠 13.8 P4 (385,215)
ℎ 18.7 E 9.3 E
򸀠 31 P5 (192,105)
ℎVl 10.2 F 7.5 F
򸀠 19.9 P6 (385,105)
𝑆𝑤 11 G 9.5 G
򸀠 17.2 P7 (192,150)
𝑆𝑏1 15 H 13.8 H
򸀠 13.8 P8 (385,150)
𝑆𝑏2 13
Switch 1
Signalion-Halo 430
Switch 2
1a
2a
3a 4a 1b
2b
3b 4b
On-body textile 
patch antenna
RX1
RX2
Figure 1: Wearable multiantenna system, with 6 side (1a, 2a, 3a, 1b,
2b, 3b) and 2 back (4a, 4b) antennas, deployed on a patient and
connected to the Signalion-HaLo 430 by means of two switches.
system enabling highly reliable broadband data communi-
cation with compact low-power implants. We set the critical
levelrequiredforhighlyreliablelivewirelessvideostreaming
to 10dB received signal-to-noise ratio (SNR). Given the
Shannon-Hartley theorem, this critical level corresponds to
a minimal bitrate of 3.5Mbit/s within a bandwidth of 1MHz,
which is sufficient for live wireless video streaming, for
example, in wireless endoscopy-capsule applications [40],
this without the necessity of data buffering and thereby data
retransmission, still ensuring correct reception of the in-
bodysignalsforallpotentialpositionsandorientationsofthe
implant in the human body.
2.2. Measurement Setup. Figure 3 depicts the measurement
setup, and Table 1 lists the dimensions of the human body
phantom (in cm). The coordinates of the points P1 to P8 are
indicated as (𝑥, 𝑦).
W
L
Xf
W g
d1
d2
Yf
h1
h2
Patch Foam spacer
Antenna 
substrate
SMA connector Ground plane
Lg
Figure 2: Patch antenna topology (𝑊 = 40.9mm, 𝐿 = 48.7mm,
𝑊 𝑔 = 8.8mm, 𝐿𝑔 = 13.2mm, 𝑋𝑓 = 7.8mm, 𝑌𝑓 = 18.5mm, ℎ1 =
3.94mm, ℎ2 = 7.92mm, 𝑑1 = 1.3mm, 𝑑2 = 5.5mm).
In the measurement setup, the implant is represented
by an insulated half-wavelength dipole [35]r e s o n a t i n ga t
2.457GHz as transmit antenna. The dipole is coated by an
insulation of polytetrafluorethylene (𝜀r = 2.07 and 𝜎=
0S/m), as shown in Figure 4.
ThehumanbodyissimulatedbyanovalELIflatphantom,
fabricated by Speag (Z¨ urich, Switzerland), compatible with
theIEC62209standardwithinthefrequencyrange30MHz–
6GHz. This flat phantom is filled with (MSL2450) human
muscle tissue mimicking liquid (relative permittivity 𝜀𝑟 =
50.8,c o n d u c t i v i t y𝜎𝑚 = 2.01S/m). Two 50Ω SP4T pin-
diode switches (Mini-Circuits ZSDR-425) select the signals,
receivedfromthedifferentpatchantennas,tobeforwardedto
theSignalion-HaLo430measurementtestbed,interfacingto
Matlab. A loopback connection is provided to guarantee reli-
able timing synchronization during postprocessing. Details
of the transmitted signals and postprocessing are described
in [41].
Measurements were then performed for varying polar-
izations of the insulated dipole antenna: an 𝑥-oriented hori-
zontalpolarization,a𝑦-orientedhorizontalpolarization,and
a vertical polarization as also used in [39]. For the 𝑥 and4 International Journal of Antennas and Propagation
1a
2a
3a
4a
1b
2b
3b
4b
W 1
L1 L2
Sb1 Sb2
X
Y
Z
h
h l
SW
W 2
Scan area A
Scan area B
A
B C
D
E
F
H
G
P1 P2
P3 P4
P5 P6
P7 P8
X
A򳰀
B򳰀
C
򳰀
D򳰀
E򳰀
F
򳰀
H򳰀
G򳰀
X
Y
Z
X
Y
Z
Y
Z
Figure 3: Human body phantom (top view, front view, scan area
Af o ra n𝑥-and 𝑦-oriented dipole and scan area B for a 𝑧-oriented
dipole).
𝑦 orientation, area A was scanned, whereas for the vertical
polarization, area B was scanned, both with a step size of
5mm. Each time the depth (𝑧-direction) corresponds to a
dipole-center position 4.3cm underneath the liquid surface
and at 5.9cm away from the bottom of the phantom. From
the measurements along these 3 axes, we determine the
minimum SNR received from an implant with constantly
varying orientation, as occurring in WCE applications. The
transmit power is 10mW, corresponding to half the allowed
specific absorption rate (SAR) limit of 2W/kg averaged over
10g tissue [IEC 62209].
Dipole
 arms 
(PEC)
Insulator
t
l
Figure 4: Transmitting insulated dipole (𝑡=1mm, 𝑙 = 3.9cm).
Table 2: Statistical parameters of the stand-alone antennas (for an
𝑥-oriented dipole).
Max
(dB)
Min
(dB)
Mean
(dB)
Median
(dB)
1a 46.68 −1.85 13.32 12.93
2a 24.96 −1.22 12.84 13.32
3a 49.83 −0.30 11.83 12.43
4a 41.87 −1.83 12.46 9.04
1b 40.87 −0.67 12.37 13.44
2b 24.57 −0.32 12.88 12.33
3b 38.80 −2.81 10.81 11.05
4b 38.91 −1.25 11.12 6.98
3. Results and Discussion
3.1. 𝑥-Oriented Dipole. The statistical parameters of the
antennas, as viewed in Table 2, exhibit deep dips in the SNR
for every single on-body receive antenna. These signal dips
are much lower than the proposed 10dB level, so, for a
single wearable receive antenna, no optimal position can be
d e t e r m i n e do nt h es u r f a c eo ft h eh u m a nb o d yp h a n t o m .
By using multiple receive antennas, the probability that
all antennas simultaneously receive weak signals strongly
decreases. The maxima of the side-wall antennas 2a and 2b
are clearly below the maxima of the other six antennas. This
is caused by the rectangular scan area in the oval phantom,
where, due to the curvature of the ELI phantom, the middle
a n t e n n a s2 aa n d2 ba r el o c a t e df u r t h e ra w a yf r o mt h ee d g e s
of the scan area, as shown in Figure 3.
The envelope correlation matrix for the signal levels,
as presented in Table 3, demonstrates that all correlation
coefficients are far below 0.7, which indicates that the signals,
received on the multiple antennas, are strongly uncorrelated,
leading to a significant gain when employing spatial diversity
[42]. The negative correlationcoefficient between the bottom
antennas 4a and 4b, equal to −0.04, indicates that these two
antennasarecomplementary.However,theyonlycoversmallInternational Journal of Antennas and Propagation 5
Table 3: Envelope correlation matrix for the received signals (with 𝑥-oriented transmitting dipole).
1a 3b 2a 2b 3a 1b 4a 4b
1a 1.00 0.16 0.00 −0.03 −0.02 −0.04 −0.02 0.01
3b 0.16 1.00 0.01 −0.01 −0.01 −0.04 −0.03 0.03
2a 0.00 0.01 1.00 0.47 0.01 −0.03 −0.01 −0.03
2b −0.03 −0.01 0.47 1.00 −0.01 −0.03 −0.04 0.02
3a −0.02 −0.01 0.01 −0.01 1.00 0.14 0.01 −0.03
1b −0.04 −0.04 −0.03 −0.03 0.14 1.00 0.07 −0.05
4a −0.02 −0.03 −0.01 −0.04 0.01 0.07 1.00 −0.04
4b 0.01 0.03 −0.03 0.02 −0.03 −0.05 −0.04 1.00
Table 4: Statistical parameters for all dipole orientations and varying diversity orders, where the gain is based on the 10% outage probability
level of the CDF. Note the different scan area size for the 𝑧-orientation, due to physical constraints (Figure 3).
Dipole
orientation
Diversity
order
Max.
(dB)
Min.
(dB)
Mean
(dB)
Median
(dB)
Gain
(dB)
𝑋
8 49.84 17.80 26.44 25.24 13.8
6 49.84 16.30 23.00 22.78 12.5
4 49.83 11.85 20.90 20.04 9.5
2 41.87 4.30 18.91 20.48 2.1
𝑌
8 47.16 18.34 26.77 25.30 14.2
6 44.27 17.96 24.46 24.37 13.2
4 44.26 13.69 22.24 21.71 9.7
2 47.12 3.88 17.70 18.09 0.5
𝑍
8 27.99 10.85 16.89 17.32 9.25
6 11.83 8.74 10.25 10.16 7.65
4 10.97 6.87 8.69 8.56 6.15
2 27.92 3.34 14.40 16.34 2.45
nonoverlapping parts of the complete scan area. Hence, if
2nd order spatial diversity is applied based only on these
two bottom antennas, the critical 10dB SNR level will not
be guaranteed for the complete area, as further described
in Table 4.I nc o n t r a s tt ot h eb o t t o ma n t e n n a s4 aa n d4 b ,
the side-wall antennas 2a and 2b have a significantly larger
correlation coefficient, equal to 0.47. As these two antennas
are deployed at opposite sides, this means that these two
side-wall antennascoverasignificantlylarger areaoftheoval
phantom,withoverlapofthecoveredregions.Thecorrelation
between, on the one hand, the side-wall antennas 2a and 2b
and, on the other hand, the four other side-wall antennas 1a,
3a,1b,and3b,isalmostnegligible.Thisindicatesthatbygoing
from 4th order spatial diversity, only considering corner side
antennas 1a, 3a, 1b, and 3b, to 6th order diversity, where the
center side antennas 2a and 2b are added to the diversity
scheme, a significant gain will be obtained, as proven further.
Since most correlation coefficients are low, mutual coupling
between neighboring antennas is small.
By now evaluating an 8th order receive diversity scheme
and verifying if the design requirement of a minimal SNR
largerthanorequalto10dBisfulfilled,someconclusionscan
already be drawn. Figure 5 shows the SNR (dB) as a function
of position, for an 𝑥-oriented transmit dipole, applying
8th-orderdiversityreceptionusingmaximalratiocombining
(MRC).
Because of the fixed depth of the dipole, the perpen-
dicular distance 𝑑bottom-dipole is equal to 5.9cm, leading to
al a r g eS N Rr e c e i v e db yt h eb o t t o ma n t e n n a s( 4 aa n d4 b )
when the dipole is directly overhead. Note, however, that
theseantennasonlycoverasmallregionofthetotalscanarea.
Moreover, the SNR never drops below the critical 10dB level,
enabling live wireless video streaming. Hence, the setup with
diversity order 8, and an 𝑥-oriented dipole leads to a system
thatalwaysensuresasufficientlylargeSNR.Table 4 showsthe
relevant statistical figures of merit for this setup.
By reducing the diversity order from 8 to 6, two main
advantages arise. First, the patient comfort increases by
removingtheantennasontheback(antennas4aand4b)and,
second, the cost of the wearable antenna system decreases.
Figure 6 shows the SNR (dB) as a function of the position for
6th order diversity with an 𝑥-oriented dipole.
As expected, by removing the bottom antennas that
contribute only in a small area, the 6th order diversity system
still satisfies the important 10dB SNR design requirement.
Table 4 shows the relevant statistical figures of merit for 8th,6 International Journal of Antennas and Propagation
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Figure 5: SNR (dB) as a function of the position for an 𝑥-oriented
dipole (8th order diversity, all antennas included, scan area A).
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Figure 6: SNR (dB) as a function of the position for an 𝑥-oriented
dipole (6th order diversity, bottom antennas 4a and 4b excluded,
scan area A).
6th, 4th, and 2nd order diversity systems. For 8th order
diversity, all antennaswere considered, whereas for6th order
diversity antennas 4a and 4b were excluded. For 4th order
diversity,onlyantennas1a,3a,1b,and3bwereconsideredand
for 2nd order diversity, only bottom antennas 4a and 4b were
t a k e ni n t oa c c o u n t .
By analyzing Table 4 for the 𝑥-oriented dipole, it is clear
that a 2nd order diversity system does not result in a reliable
multiantenna system, as the minimal SNR equals 4.30dB,
w h i c hi sf a rb e l o wt h e1 0 d Bl i m i t .B yf o c u s i n gf u r t h e ro n
the minimal SNR, some tendencies can be extracted from
Table 4. When increasing the diversity order from 4 to 6, the
minimal SNR increases by 4.45dB. This significant gain is
obtainedthankstotheinclusionofantennas2aand2b,which
cover a large area. When further increasing the diversity
order from 6 to 8, the minimal SNR increases only by an
extra 1.50dB. Including the bottom antennas 4a and 4b
in the 8th-order diversity scheme only results in marginal
improvements in diversity gain, as they only partly cover
the scan area. The cumulative distribution function (CDF)
of the obtained SNR gives an indication about the gain
obtained by applying different orders of diversity. This CDF,
corresponding to 𝑃[𝑋 ≤ SNR (dB)],i ss h o w ni nFigure 7.
Figure 7 shows the CDFs for different orders of diversity.
In order not to overload the plot, for the cases without
diversity, realized by the single antennas, we only display the
results for the bottom-antenna with the highest SNR (4a),
for the best middle side-wall antenna (2a) and for the best
0 5 1 01 52 02 53 03 54 0
0
0.2
0.4
0.6
0.8
1
SNR (dB)
C
D
F
8th order diversity
6th order diversity
4th order diversity
10% outage probability
Bottom antenna 4a
Side wall antenna 3a
Side wall antenna 2a
Figure 7: Cumulative distribution function (for an 𝑥-oriented
dipole).
corner side-wall antenna (3a). The CDFs for the other five
remainingantennasareshapedsimilarlytotheircounterparts
located at equivalent positions. By focusing on the best-
case scenario, the minimal gain provided by implementing
diversity is calculated.
Setting the criterion of an absolute minimum SNR of
10dB guarantees continuous live video transmissions at an
acceptable data rate without missing packets and without the
needforafeedbacklink.However,the10%outageprobability
levelindicatestheminimalSNRlevelandcorrespondingdata
rate that may be frequently obtained. On the condition that
a channel feedback link is present, an endoscopy capsule
can always use the currently available maximum data rate,
which is controlled through feedback from the receiver. The
in-body implant then needs to have memory to temporally
buffer the recorded data, and provisions should be made to
requestretransmissionsofpotentiallymisseddatapackets.At
theexpenseofhigherpowerconsumptionandmorecomplex
hardware at both sides of the links, such a scheme enables
transmissions of higher quality video signals, compared to a
system without a feedback link.
The gains, obtained for different orders of diversity, are
clearly visible as a shift to the right in the CDFs of different
orders. Focusing on the 10% outage probability level, the 6th
order diversity performs 3dB better than 4th order diversity,
and 8th order diversity performs 1.3dB better than the 6th
order diversity system. The minimal gain in terms of 10%
outage probability, when comparing antenna 2a (which has
the best single-antenna signal behavior) to 4th, 6th, and 8th
order diversity, is 9.5dB, 12.5dB, and 13.8, respectively.
As seen in Figure 7,a n t e n n a s3 aa n d2 ah a v ea ne q u a l l y
shaped CDF. However, the median of antenna 3a is 2dB less
than the median of antenna 2a, which illustrates the larger
c o v e r a g eo ft h em i d d l es i d e - w a l la n t e n n a s2 aa n d2 b .Th e
CDF of the bottom antenna 4a exhibits a high SNR for only a
small part of the scanned area. The influence of these bottom
antennasisclearlyvisibleintheCDFofthe8thorderdiversity
system, especially for the higher SNR values.
I tisclearthat,foran𝑥-orienteddipole,the4thordermul-
tiantenna system still satisfies the proposed design require-
ment of the minimal SNR ≥ 10dB. Next, the results forInternational Journal of Antennas and Propagation 7
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Figure 8: SNR (dB) as a function of the position for a 𝑦-oriented
dipole (6th order diversity, bottom antennas 4a and 4b excluded,
scan area A).
a 𝑦-a n d𝑧-oriented dipole are presented and compared
with the previous results. From this, the minimal diversity
order, guaranteeing high-reliability data communication for
all potential dipole orientations, is derived.
3.2. 𝑦-Oriented Dipole. In the remainder, we focus on 8th,
6th, and 4th order diversity. To make a comparison with the
𝑥-oriented dipole, Figure 8 s h o w sth eS N R( d B )a safu n cti o n
of the position, for a 𝑦-orientedtransmittingdipole, with 6th
order diversity reception applied.
Again, a 6th order multiantenna diversity system satisfies
the requirement of a minimal SNR ≥ 10dB. Table 4 shows
the statistical figures of merit, for an 8th, 6th, and 4th
order diversity system in case of a 𝑦-oriented dipole. Again,
a 4th order diversity system provides a sufficiently large
minimumSNR,morethan3dBhigherthanthecritical10dB-
limit. The CDFs, as well as the correlation matrix, show
the same tendencies as in the case of an 𝑥-oriented dipole.
When focusing on the 10% outage probability for the CDF,
the minimal gain, when comparing reception by antenna
2a (which has again the best single-antenna behavior) to
4th, 6th, and 8th order diversity, is equal to 9.7dB, 13.2dB,
and 14.2dB, respectively. Hence, the minimal gain for each
diversityorderisslightlyhigherthanforan𝑥-orienteddipole.
As in the previous situation for an 𝑥-oriented dipole, a
diversityorderof6seemstobeoptimalconsideringabalance
between simplicity and/or cost, on the one hand, and highly
reliable data links, on the other hand.
3.3. 𝑧-Oriented Dipole. Due to the small dimensions of the
phantom, and the lengthy feeding part of the dipole, only
a limited area B could be scanned for a vertically oriented
dipole. This scan area B is shown in Figure 3.Th em o s t
important region is in the middle because of the critical low
SNR’s that could occur when excluding the bottom antennas.
Giventhe𝑥and𝑦-symmetryofthephantom,conclusionscan
be extended to the complete phantom. Table 4 presents the
statistical figures of merit for 8th, 6th and 4th order diversity
in the case of a 𝑧- o r i e n t e dd i p o l es c a n n i n gt h el e ft - m i d d l e
area of the bath (scan area B). The gain is again calculated
for the 10% outage probability level but now compared to
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Figure 9: SNR (dB) as a function of position for a 𝑧-orienteddipole
(6th order diversity, bottom antennas excluded, scan area B).
reception by antenna 3b, which has the best single antenna
behavior for the 𝑧-oriented dipole.
Table 4 shows that 6th order diversity does not ensure
a sufficiently large SNR, due to the minimal SNR equal to
8.74dB, which indicates that, for a 𝑧-oriented dipole, 8th
order diversity is necessary to guarantee a minimal SNR ≥
10dB.
Because of the large influence of bottom antenna 4b in
scan area B, the bottom antennas are excluded in Figure 9,
allowing more insight into the performance of the side-wall
antennas. Figure 9 s h o w st h eS N R( d B )a saf u n c t i o no ft h e
position, for a 𝑧-oriented transmitting dipole, with 6th order
diversity reception applied.
As Table 4 already indicated, the statistical values are
below those of an 𝑥-a n d𝑦-oriented dipole for the same
diversity order. This is because of the limited scan area
B, where the distance to the side-wall antennas is large
compared to scan area A.
For 6th order diversity, as presented in Figure 9,3 4 . 2 %
of the scan points are below the critical 10dB SNR limit.
However,theappliedTXpowerattheimplantisonlyhalfthe
allowedSARlimit[IEC62209];hence,whendoublingtheTX
power to 20mW, the SNRs obtained with 6th order diversity
increase by 3dB. In that case, the SNRs for the complete scan
area would be above 10dB, with a minimum of 11.74dB.
4. Conclusions
A multiantenna system was developed for capturing high
data-rate signals transmitted by implants. All antennas in
this wearable system are flexible and fully fabricated using
textile materials. Hence, the complete system can be easily
and unobtrusively integrated into a jacket or another type
of garment. The system is fully tested experimentally, by dis-
tributing the different antennas over the surface of a human
body phantom, in order to determine the optimal antenna
positions and the required diversity order for reliable high
data rate communication with the implant. When limiting
t h eT Xp o w e rt o1 0m W ,w h i c hi sh a l ft h ea l l o w e dS A Rl i m i t ,
8th order spatial diversity is needed to allow live wireless
video streaming with a bandwidth of 1MHz and a bit rate
of 3.5Mbit/s. When doubling the TX power to 20mW, 6th
orderspatialdiversityissufficienttomeettheimposeddesign8 International Journal of Antennas and Propagation
requirements in all cases. This improves patient comfort and
allowstheuseofthemultiantennasystemevenwhenapatient
is lying in a (hospital) bed, which could prove uncomfortable
if two “back”-antennas are deployed in the patient’s garment,
as in case of 8th order diversity.
An important conclusion is that spatial diversity for an
in-to-out body communication scenario allows the use of
a simple transmit antenna in the implant, such as a single
dipole-antenna. The on-body wearable multiantenna system
then ensures a high-quality wireless link for any arbitrary
orientation and position of the implant. In the perspective of
wireless-endoscopy applications,the use of a simple antenna,
operating at low power levels in the implanted capsule,
decreases costs, size, and complexity of wireless camera
capsule and increases its battery life.
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